Peripherin/rds (P/rds ) is a membrane glycoprotein essential for the photoreceptor outer segment disc morphogenesis and maintenance. More than half of the disease-causing mutations in P/rds have been linked to different forms of macular dystrophy; the most common one is substitution of tryptophan for arginine at position 172 (R172W). Here we confirm the patient phenotype associated with the expression of R172W mutation in transgenic mice. Functional, structural and biochemical analyses showed that, while R172W P/rds is appropriately localized, a direct correlation exists between transgene expression levels and the onset/severity of the phenotype. In the wild-type background, both cone and rod photoreceptors' structure and function were significantly diminished, which indicates a dominant-negative, cone -rod defect. Whereas rds 1/2 mice maintained the normal cone function at early ages, cone responses in R172W/rds 1/2 mice were diminished to 41% of the wild-type level signifying a preferential damaging effect of the mutation on cones. Conversely, R172W/rds 1/2 mice showed a significant rescue of rod function and improvement of rod outer segment structure. Although rds 2/2 mice have no detectable rod or cone responses, R172W/rds 2/2 animals retained 30% of wild-type structure and rod function, but no significant rescue of cone function was detected at 1 month of age. No biochemical abnormalities were observed in complex formation and association with Rom-1; however, R172W protein was more sensitive to tryptic digestion, indicative of a change in protein conformation, possibly contributing to the cone-dominated phenotype. As the first animal model for P/rds-associated conerod dystrophy, R172W mice provide a valuable tool for studying the pathophysiology of P/rds-associated human retinal dystrophies and the development of therapeutic strategies to intervene in these diseases.
INTRODUCTION
The tetraspanning trans-membrane protein peripherin/rds (P/rds ) is located along the disc rim region of retinal photoreceptor outer segments (OSs) (1, 2) . This protein is critical for disc morphogenesis, orientation, stability and OS renewal (1, 2) . In retinal degeneration slow (rds ) mice, a naturally occurring null mutant of P/rds, OS membrane biogenesis occurs; however, disc membrane morphogenesis is aberrant and the photoreceptors subsequently die (3 -6) . P/rds forms complexes with itself and with Rom-1, a non-glycosylated homologue, to form a mixture of core homo-and heterotetramers that can be linked together through intermolecular disulfide bonds to form octamers and higher-order oligomers (2, 7) . The C-terminus of P/rds has been shown to promote membrane fusion in vitro, signifying a possible role for this protein in OS renewal (8, 9) . Furthermore, P/rds has been shown recently to associate with the rod-specific, glutamic acid-and proline-rich region of the cGMP-gated channel (GARP) (10) . This association is thought to play a role in connecting the rim region of discs to the plasma membrane and in anchoring the channel and the Na þ /Ca 2þ /K þ exchanger to the plasma membrane.
Interest in P/rds has increased since the discovery of its association with different forms of human retinal diseases. Over 80 different pathogenic mutations have been identified that are associated with retinitis pigmentosa (RP), cone -rod dystrophy, pattern macular dystrophy (MD), adult vitelliform MD and central areolar choroidal dystrophy (11, http:// www.sph.uth.tmc.edu/RetNet and http://www.retinainternational.org/sci-news/rdsmut.htm). Wells et al. (12) identified a P/rds mutation in codon 172, which replaces an arginine with tryptophan in patients with MD. Later, patients with this mutation were reported in additional families of English, Japanese, Swiss and Spanish origins, with similar patterns of retinopathy (13 -18) . In addition, other mutations at position 172, including R172G and R172Q, have been found to associate with MD (14, 17) . Although clinical findings suggest a cone-dominant defect in patients expressing the R172W mutation, one study has shown patients to present symptoms with a more diffuse and progressive retinal degeneration (19) . Molday et al. (20) expressed P/rds with this mutation in an in vitro system. The R172W protein appeared normal with respect to dimerization, glycosylation and subunit assembly with itself and with Rom-1. They predicted that the R172W mutation causes a subtle change in the structure of P/rds that affects its function in cone, but not in rod, photoreceptors.
Transgenic mouse models of human retinal diseases have been widely used for studying the effects of genetic mutations on cellular structure and function (21) (22) (23) (24) (25) . To investigate the pathogenic defects and the mechanism of disease caused by the R172W mutation, transgenic mice expressing the mutant protein in both rods and cones were generated and their retinas were characterized structurally, functionally and biochemically. In all rds genetic backgrounds, R172W mice initially presented with profound cone defect, followed by rod abnormalities, characteristic of cone-rod dystrophies. Although no biochemical changes with regard to either complex formation or interactions with Rom-1 were detected, the R172W protein was found to be more susceptible to limited tryptic digestion, indicative of a change in protein conformation, which may be a contributing factor in the cone-dominant pathogenic effects.
RESULTS

R172W protein localizes properly to rod and cone OSs
To evaluate the effects of the R172W mutation on retinal structure and function, transgenic mice expressing the mutant protein under the control of the human interphotoreceptor retinoid binding protein (hIRBP) promoter were generated (Fig. 1A) . This heterologous promoter has been previously shown to successfully direct transgene expression to both rods and cones (26 -35) . Thirteen permanent lines with a single site of integration were generated and characterized for the pathogenic effect of the mutation in relation to the transgene expression level. Figure 1B shows the R172W protein level from two of these lines that were considered as low and high expresser lines in the absence of the endogenous P/rds. R172W protein migrated at the 36 and 78 kDa markers, corresponding to the wild-type P/rds monomers and dimers, respectively (Fig. 1B,  left) . Densitometric analysis of these bands revealed the presence of 40 and 75% of the wild-type P/rds in R172W þ/þ retinas taken from the low and high expresser lines on the rds 2/2 background, respectively (Fig. 1B, right) . The monoclonal antibody 3B6 (3B6 mAb) (36, 37) was used to determine the cellular localization of R172W protein. To allow for 3B6 recognition of the R172W protein, but not the endogenous mouse P/rds, the 3B6 epitope was constructed in the C-terminal region of the transgene by substituting the proline normally present at position 341 with glutamine (P341Q). In a separate study, we have evaluated the side effects of P341Q modification on P/rds function in rods and cones using the same transgene design employed for the R172W mutation (38) . Transgenic lines carrying the P341Q modification alone are named 'NMP' (normal mouse P/rds ). Characterization of 'NMP' retinas on all rds genetic backgrounds demonstrated that the P341Q modification causes no alterations in the biochemical or functional properties of P/rds, nor any adverse effects on retinal structure (38) . Furthermore, P/rds bearing the P341Q modification was able to rescue the rds phenotype in a dose-dependent manner (38) . It is important to note that the 3B6 mAb affords selective recognition of P/rds bearing the C-terminal P341Q modification in NMP retinas by immunohistochemistry, but not the endogenous P/rds protein in wild-type retinas (38) .
Double immunofluorescence staining with 3B6 and antiblue cone opsin antibodies in retinal sections taken from 1-month-old R172W mice is shown in Fig. 1C . Labeling with 3B6 mAb shows exclusive localization of R172W protein to photoreceptor OSs (Fig. 1Ca) . Co-localization of 3B6 and anti-blue opsin labeling confirms the presence of R172W protein in cone photoreceptor OSs (Fig. 1Cc) . Similar results were observed with the anti-red/green opsin antibody (data not shown). At higher magnification, using laser deconvolution microscopy, localization of R172W protein was confirmed to be in the disc rim region of photoreceptors (Fig. 1Cd ). An overlay image showing colocalization of immunostaining with 3B6 and anti-blue opsin antibodies further demonstrates disc rim localization of R172W protein in cone photoreceptors (Fig. 1Cf) . This immunoreactivity was cell type-specific, as no additional labeling was found in any other retinal cell type or cell layer.
R172W mutation causes a dominant-negative cone -rod dystrophy
We had previously described a mild, late-onset cone defect in the low expresser line in which cone functional deficits were concomitant with cone photoreceptor degeneration (39) . In the present study, we have focused on the phenotype in the high expresser line in which homozygotes express P/rds at a level equivalent to 75% of the wild-type.
To determine whether the R172W mutation causes a dominant-negative phenotype, transgenic retinas from the high expresser line were characterized in the presence of two wild-type alleles. Retinal cross sections from R172W þ/þ on the wild-type background at 1 month of age showed mild OS disorganization and reduction in OS length, but without loss of photoreceptor nuclei ( Fig. 2A, upper panel) . Ultrastructural (EM) analysis further demonstrated the R172W-mediated disruption of OS structure ( Fig. 2A , arrows in the lower panel). Functional studies of these animals showed a significant reduction in both scotopic (rod) and photopic (cone) electroretinograms (ERG) as early as 1 month of age, and photoreceptor function continued to deteriorate in an age-dependent manner ( Fig. 2B and C) . Scotopic a-wave amplitudes were reduced 2C ). These results demonstrate a more severe effect of the R172W mutation on cone than on rod photoreceptors.
R172W P/rds rescues rods but not cones of the rds 1/2 retina R172W mice were crossed onto the rds þ/2 genetic background because mice heterozygous for the R172W transgene and hemizygous for the endogenous allele more closely mimic expression levels of the respective proteins in patients carrying this mutation. Several studies have previously described a haploinsufficiency phenotype in rds þ/2 mice (25, 38) . In the absence of one endogenous allele, histological evaluation of retinal sections shows abnormal, swirl-like morphology of photoreceptor OSs, demonstrated more clearly at the electron microscopic level (Fig. 3Ab and g ). However, the addition of one allele of the R172W transgene (R172W þ/2 /rds þ/2 ) affords measurable improvement of photoreceptor OS structure, which can be observed at both the light and the electron microscopic levels ( Fig. 3Ac and h ), even as late as 3 months of age. This structural rescue was correlated with functional rescue, as evidenced by enhanced scotopic ERG responses detected in R172W animals (Fig. 3B) . The rds þ/2 retinas retained 38% of wild-type scotopic a-wave response, whereas R172W þ/2 / rds þ/2 mice retained 70% of wild-type level (Fig. 3B ). However, in sharp contrast to this improvement in rod function, a significant reduction in photopic b-wave ERG amplitudes was observed in R172W þ/2 /rds þ/2 mice, relative to rds
controls, suggesting an R172W-mediated, dominant-negative effect specifically on cone photoreceptors (Fig. 3C) . The rds þ/2 mice showed normal cone photoreceptor function, whereas the R172W þ/2 /rds þ/2 mice retained 41% of wild-type amplitudes at 1 month of age (Fig. 3C ).
R172W P/rds rescues rods, but not cones, in the rds 2/2 retina Mice homozygous for the R172W transgene were crossed onto an rds 2/2 (null) background to assess the ability of the R172W protein to independently support OS morphogenesis and photoreceptor function, both of which are lacking in the (Fig. 3Ae ). Ultrastructural evaluation of these retinas revealed a significant restoration in both photoreceptor outer and inner segment structure when compared with nontransgenic controls ( Fig. 3Ai and j) ; however, R172W þ/þ / rds 2/2 retinas continue to display aberrant OS structure, relative to wild-type. This improvement in retinal structure was accompanied by a partial restoration (30% of wild-type level) of the scotopic a-wave (Fig. 3B ), but not the photopic b-wave amplitudes (Fig. 3C ).
R172W protein complexes properly with Rom-1 P/rds and Rom-1 interact with each other to form an array of heteromolecular complexes needed for disc rim assembly and OS formation (40, 41) . Using reciprocal co-immunoprecipitation, we evaluated the biochemical effect of the R172W mutation on P/rds -Rom-1 associations and complex formation. The results demonstrate the association between Rom-1 and R172W protein (Fig. 4) . As expected, no Rom-1 from rds
retinas was co-precipitated by rds-CT Ab (antibodies to wildtype P/rds ). These assays were also performed in the absence of any antibodies (non-immune control) and also with an unrelated antibody (selective for cone CNG-3 protein) to Complex assembly with R172W protein. Non-covalent tetrameric subunit assembly is a crucial aspect of P/rds function, mediated by determinants within the large D2 regions, and is commonly measured using a velocity sedimentation assay (42) . Impaired subunit assembly in in vitro studies has been correlated with point mutations causing photoreceptor degeneration and cell loss in patients (43) . We have characterized the sedimentation velocity profile of the R172W protein from transgenic mice in the rds 2/2 background to ask whether pathogenicity of this mutation is associated with a defect in subunit assembly.
We prepared OS membranes from freshly dissected wildtype mouse retinas and from retinas of R172W mice on the rds 2/2 background, and sedimented detergent extracts on sucrose gradients (42) . The gradients were fractionated, and the fractions were assayed for P/rds and Rom-1 protein, using western blot analysis with the appropriate monospecific antibodies. Anti-P/rds antibody used in these experiments can recognize both the wild-type and the R172W protein. Typical data are presented in Figure 5 . The total number of fractions collected varied between gradients and was taken into account for the calculation of sedimentation coefficients.
In a previous study (44) , it was found that P/rds protein from wild-type CD1 mouse retinas sediments as a single major species, under reducing conditions, with a Svedberg coefficient (S) of 4.9 + 0.1 (n ¼ 4), indicating a tetrameric subunit assembly. Similarly, P/rds from retinas of wildtype animals of the background strain used here (C57BL/6) sediments in a tetrameric form, with an S-value of 5.1 + 0.2 (n ¼ 3). We compared the sedimentation profile of R172W P/rds to that of wild-type and found it essentially indistinguishable (Fig. 5) . The sedimentation coefficient calculated for the R172W mutant, 5.0 + 0.3 (n ¼ 3), is also nearly identical to that of wild-type. Thus, the R172W protein, like wild-type P/rds, is properly assembled as a non-covalent tetramer. These results confirm earlier work obtained using COS-1 cells expressing the same mutant protein (43) .
As the small mass difference between homo-and heteromeric P/rds tetramers is not resolved by the sedimentation velocity assay, we repeated our analysis and probed for Rom-1. As seen in Figure 5 , we found comparable sedimentation profiles and calculated nearly identical sedimentation coefficients: 4.8S (average, n ¼ 2) for Rom-1 from the wild-type animals and 5.0S (average, n ¼ 2) for Rom-1 from the R172W transgenics. These values indicate that, akin to our findings in wild-type animals, Rom-1, like P/rds, is solubilized from OS membranes as non-covalently associated tetramers under reducing conditions. Disulfide-mediated oligomerization. Under non-reducing conditions, P/rds is extracted from rod OSs in disulfide-bonded forms, indicating that both intra-and intermolecular disulfide bonds play a role in protein structure (2, 43) . P/rds-containing tetramers form disulfide-mediated oligomers that appear as higher-order complexes by velocity sedimentation; this correlates with increases in their mass and sedimentation coefficients. We have employed the velocity sedimentation approach to characterize potential effects of the R172W mutation on disulfide-mediated oligomerization. When Triton X-100 solubilized wild-type mouse OS membranes are sedimented under non-reducing conditions (Fig. 6A) , a relatively broad distribution of anti-P/rds immunoreactive material is observed; in contrast, a considerably more narrow peak is observed for P/rds under reducing conditions (Fig. 5) . The species that migrates most slowly is consistent with a P/rds-containing tetramer; its calculated sedimentation coefficient is 4.8S. The more rapidly migrating species represent higher-order, disulfide-bonded P/rds oligomers (2) . Although a considerable amount of material was seen in the particulate fraction in this experiment (20%), we found significant interexperimental variability in the quantity of sedimentable P/rds, ranging from ,5% to 20%. Figure 6B shows similar data for the R172W protein from transgenic retinas in the rds 2/2 background. Again, a relatively broad distribution of anti-P/rds immunoreactive material is observed, with the slowest species sedimenting as tetramers (4.7S). Higher-order species and particulate P/rds are present in quantities roughly comparable to those obtained from wild-type retinas. These results suggest that the R172W mutation does not perturb disulfide-dependent P/rds oligomerization.
Analogous experiments were performed to characterize the behavior of Rom-1 in the R172W transgenic retinas. As seen in Figure 6C , Rom-1 is largely excluded from both the heaviest gradient fraction and the particulate fraction. These findings support a previous observation that Rom-1 does not participate fully in the disulfide-dependent higher-order structures documented for P/rds (2) . Figure 6D shows the sedimentation profile for Rom-1 from the transgenic retinas in the rds 2/2 background. The distribution is qualitatively similar to that observed for Rom-1 from the wild-type retinas and suggests that the R172W mutation does not strongly perturb the incorporation of Rom-1 into disulfide-dependent oligomers. Retinal extracts from wild-type and R172W/rds 2/2 mice were immunoprecipitated with rds-CT or Rom-1-CT antibodies, and the immunoprecipitates were resolved on 10% SDS gel, followed by western blotting with the respective antibodies. Retinal sample from rds 2/2 mice was included as a control. Assays in the absence of antibodies or in the presence of an unrelated antibody (cone CNG-3) were included as controls. The experiments were performed with retinas combined from four to six animals for each genotype.
2080
Human
R172W mutation causes a subtle change in the protein conformation
A change in protein susceptibility to proteolysis is one indication of differences in protein folding and/or conformation (45 -47) . For this reason, we used limited tryptic cleavage analysis, performed on crude OS preparations from wildtype and R172W retinas on the rds 2/2 background, to evaluate the possibility of mutation-dependent changes in protein conformation. As shown in Figure 7 , under the given experimental conditions, a significant amount of wild-type protein was spared from tryptic digestion, even after 10 min of incubation. In contrast, R172W protein was substantially digested under the same conditions (Fig. 7A) . Densitometric measurements of these western blot bands (both monomer and dimer), taken from three independent experiments, are shown in Figure 7B . After 10 min of trypsin exposure, the amount of undigested protein in the Figure 5 . Subunit assembly assay by reducing velocity sedimentation analysis of P/rds and Rom-1 from detergent solubilized mouse ROS membrane preparations. Triton X-100 extracts from crude mouse ROS were reduced with 2-ME and sedimented in 5 -20% (w/w) sucrose gradients; fractionated gradients (and particulate fractions, P) were assayed by western blot analysis with anti-P/rds (A and B) or anti-Rom-1 antibodies (C and D). Chemiluminescent blots and corresponding plots generated by image analysis are shown. The total number of fractions collected varied between gradients and was taken into account for the calculation of sedimentation coefficients.
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R172W sample was calculated to be 40% of the initial amount, compared with 80% of protein remaining in wild-type samples. In a separate study, tryptic digestion of the NMP protein was performed and compared with wildtype P/rds to exclude the possibility of contributions of the P341Q modification to the observed differences in protease susceptibility. No difference was observed between these two groups (data not shown), suggesting a specific effect by R172W mutation. The enhanced susceptibility of the R172W protein to proteolytic digestion likely reflects an alteration in protein folding.
DISCUSSION
Although there are over 80 different mutations in P/rds reported to associate with retinal degenerations, only a few mutations frequently found in ADRP patients have been investigated in transgenic mice (48 -50) . Currently, no animal models exist that mimic the cone-specific defect caused by mutations in the P/rds gene. In this study, we generated a transgenic mouse model carrying the R172W mutation in P/rds, which previously has been linked to both cone -rod degeneration and a pure cone disease in humans (12, 14, 15, 17, 18) . The R172W protein appropriately localized to rod and cone OSs and the phenotype in transgenic mice was well-correlated with the reported clinical symptoms of patients carrying this mutation. Transgenic mice from the low expresser line (40% of wild-type) showed a mild, lateonset cone dystrophy in which cone functional deficits were associated with reduction in cone density at 9 months and older (39) . However, the higher expresser line (75% of the wild-type) revealed an early-onset, autosomal dominant cone -rod dystrophy. The functional and structural characteristics of the transgenic retinas from the high expresser line on different rds genetic backgrounds are summarized in Table 1 . Taking advantage of the rds 2/2 mutant, we effectively modulated the ratios of the endogenous to R172W protein in vivo in order to assess the dominant effect of the mutant protein on retinal structure and function. Overall, cone photoreceptors were found to be more negatively affected by the expression of the R172W protein when compared with rods. Although homozygous transgenics in the wild-type background showed a significant reduction in the dark-adapted rod ERG as early as 1 month of age, this was accompanied by a much more striking reduction in cone ERG amplitudes. Nevertheless, it is important to note that while this mutation has been previously reported to cause macular degeneration in a number of families of different ethnic backgrounds (13 -15,17 -19,51) , a Swedish family carrying the R172W mutation in P/rds also has been identified and diagnosed with RP, a rod-dominant disease (19) . Experimental evidence strongly suggests that the defect in rod function observed in transgenic animals on the wild-type background is specific to the R172W mutation, rather than an effect of P/rds overexpression, as we have previously shown unaltered retinal function and structure in response to P/rds overexpression in the mouse retina (38) . Figure 6 . Assay of disulfide-dependent higher-order interactions by non-reducing velocity sedimentation analysis of P/rds and Rom-1 from detergent-solubilized mouse ROS. NEM-treated Triton X-100 extracts from crude mouse ROS membrane preparations were sedimented in 5-20% (w/w) sucrose gradients; fractionated gradients (and particulate fractions, P) were assayed by western blot analysis with anti-P/rds (A and B) or anti-Rom-1 antibodies (C and D). Chemiluminescent blots and corresponding densitometry plots generated by image analysis are shown. The total number of fractions collected varied between gradients and was taken into account for the calculation of sedimentation coefficients. Immunoreactivity is more broadly distributed relative to reduced samples (Fig. 5) and reflects disulfide-dependent interactions of tetrameric core complexes with each other and possibly other additional proteins.
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An interesting phenotypic pattern was observed in the R172W retina when mice were crossed onto an rds þ/2 genetic background. This is due, in part, to the combination of haploinsufficiency phenotype reported previously (25, 38) and the effect of the mutation. The absence of one endogenous allele of P/rds has both structural and functional manifestations in the mouse retina. Structurally, normally aligned OSs become disorganized and rearranged in a swirl-like pattern. This abnormality in retinal structure correlates with rod-dominant electroretinographic dysfunction. Cone photoreceptors are spared until later ages, where the deficit in rod function is followed by a slow pattern of retinal degeneration (25, 38) . The introduction of a single R172W allele in this genetic background dramatically altered the pattern of functional and structural defects associated with P/rds haploinsufficiency. Even as late as 3 months of age, a notable rescue in rod function and OS ultrastructure was observed in R172W transgenics when compared with non-transgenic littermates, indicating that the presence of the R172W protein is less damaging to rods than its sheer absence. In contrast to the improvement in rod function afforded by the expression of the R172W protein, cone photoreceptor function was considerably reduced in these animals. This loss in cone function previously has been shown to correlate with cone photoreceptor degeneration, as demonstrated by a reduction in cone cell number (39) .
In order to determine the ability of the R172W protein to support and maintain OS morphogenesis and integrity in the absence of the endogenous P/rds, transgenics were crossed onto an rds 2/2 genetic background. Unlike rds 2/2 retinas, in which the absence of P/rds leads to a failure in OS formation (i.e. a dysplasia), comparative histological evaluation of R172W þ/þ /rds 2/2 retinas revealed a notable improvement in OS structure, albeit abnormal in length and shape in comparison to wild-type animals. Functionally, the newly formed OSs in R172W þ/þ /rds 2/2 animals produced a significant rescue in scotopic (rod), but not photopic (cone), function when compared with non-transgenic rds 2/2 controls. In fact, the cone photoreceptor ERG signal was barely detectable in retinas exclusively carrying the R172W protein. We have demonstrated previously that a positive correlation exists between the structural and functional integrity of the retina and wild-type P/rds expression levels (38) . This, however, was not the case in terms of the R172W protein expression. In the absence of the endogenous P/rds, animals homozygous for the R172W transgene generated protein expression level equivalent to 75% of wild-type levels. It is important to highlight the fact that, though 50% of P/rds protein expression (i.e. in rds þ/2 retinas) is not sufficient for maintaining rod function, this amount is adequate for supporting full cone photoreceptor function at early ages. This strongly suggests a cone-specific defect caused by the R172W mutation because transgenics exclusively expressing mutant protein at abundant amounts still fail to support any significant cone photoreceptor function.
To date, the mechanism responsible for mediating the deleterious effects of the R172W mutation on photoreceptor structure and function (particularly in cones) has yet to be elucidated. This study is the first to describe the specific molecular and biochemical properties of this mutant protein that most likely contribute to its pathogenic effects. A biochemical evaluation of the R172W protein in the absence of the endogenous P/rds (R172W þ/þ /rds 2/2 retinas) revealed a similar pattern of disulfide-linked dimer and higher-order oligomer formation as found in wild-type retinal extracts. The ability of the mutant protein to interact with Rom-1 was confirmed by reciprocal co-immunoprecipitation and showed a pattern much like that found in wild-type retinas. Additionally, the R172W mutation caused no impairment in P/rds or Rom-1 subunit assembly. Impaired subunit assembly is detected as a change in the core complex sedimentation coefficient under reducing conditions. For example, the L185P mutation linked to digenic RP was found to prevent tetrameric assembly of recombinant P/rds in transfected COS cells and resulted in a .30% decrease in S-value (20) . Using the same expression system, several insertional mutations were found to prevent tetrameric assembly and cause protein misfolding and aggregation (42) . Thus, the wild-type sedimentation profiles and coefficients demonstrated by the R172W Figure 7 . Limited tryptic digestion of wild-type and R172W P/rds. Mouse ROS preparations (30 mg protein) from wild-type and transgenic mice in rds 2/2 background were incubated with trypsin-TPCK at a ratio of 1: 5 of trypsin to ROS proteins for 0, 5 or 10 min. The digested products were resolved on 10% SDS gel and transferred onto PVDF membranes, followed by western blot analysis using anti-P/rds. (A) A typical immunoblot image showing the limited proteolysis of the wild-type and mutant P/rds. (B) Densitometric analysis of data taken from three independent experiments (mean + SEM). The experiments were performed with retinal samples combined from four to six animals for each genotype. Significant differences (P , 0.05, Student's t-test) between the trypsin-treated and untreated samples are marked with asterisks.
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mutant argue strongly that its pathogenic effects are not the result of impaired subunit assembly. These findings are in agreement with what has been shown in prior studies where R172W protein was heterologously expressed in COS-1 cells (20) . Interestingly, the R172W mutation is situated between regions that are essential for protein stability and normal subunit assembly. An insertion between positions G170 and F171 causes gross protein misfolding, whereas insertions further downstream, between positions S188 and S189, merely impair subunit assembly (42) . Higher resolution models of the large D2 domain will be required in order to properly understand the structural and functional ramifications of mutations in this region. It is more difficult to draw firm conclusions regarding the effect of the R172W mutation upon disulfide-dependent incorporation of tetramers into higher-order species, both because of the difficulty in obtaining robust data and in view of a recent report of P/rds participation in more widespread protein-protein interactions (10) . Although the current findings indicate that the R172W mutation does not prevent P/ rds-containing tetramers from assembling into disulfidemediated higher-order structures, it is likely however that the mutation causes a mild conformational change in the complex that is detrimental to cones, but not rods. This cone-specific defect is likely due to the differences in the cone OS structure that render cones more susceptibility to these conformational changes than rods. It is also possible that the R172W mutation interrupts an important association of the complex to an as yet identified protein that is specific to cones. These kinds of effects are hard to recognize in a rod-dominant retina. We are in the process of crossing the R172W mice onto an NRL 2/2 background (52), which represents a cone-dominant retina.
This study is the first to evaluate the effects of a conedominant mutation in P/rds using transgenic mice. Although we have shown in a separate study (38) that the P341Q exerts no structural, functional or biochemical effect on wild-type P/rds, we cannot exclude the possibility that double mutant might function differently. However, this possibility is remote because we consistently observed a cone-specific defect in all rds genetic backgrounds. This cone-specific defect associated with the R172W mutation is well-correlated with the patient phenotype where other mutations at position 172, including R172G and R172Q, have been found to associate with MD (14, 17) . R172W transgenic mice showed functional defects similar to those reported in patients carrying the same mutation, thus demonstrating the fidelity and suitability of these animals as models for human retinal diseases. Hence, these mice have great potential for use in elucidating the defects associated with the mutation and for evaluating future therapeutic interventions for conerod dystrophy.
MATERIALS AND METHODS
Generation of transgenic mice
The full-length mouse P/rds cDNA clone was isolated by screening the mouse retinal expression library (l ZAP II) and was used to generate the R172W transgene. The transgene was directed to rods and cones by a 1.3 kb fragment of the hIRBP promoter and included a 0.7 kb SV40 small t-intron and a poly A signal. The R172W mutation was introduced by PCR-mediated and oligonucleotide-directed mutagenesis (21) . The accuracy of the transgene construct was confirmed by sequencing of both strands. A P341Q modification was introduced at the C-terminus of the mutant protein to mimic that of the bovine, which can be identified by the monoclonal antibody 3B6 that recognizes an epitope in bovine, rat and human, but not mouse P/rds (36) . The purified transgene was microinjected into 1-day-old embryos isolated from CD1 pregnant female mice (Charles River, Wilmington, MA, USA). Transgenic mice were identified by PCR with primers specific for the hIRBP promoter and the coding region of P/rds cDNA. Thirteen potential founders were generated, of which eight passed the transgene onto their offspring and were mated with C57BL/6 mice to generate the F1 generation. The retinal degeneration (rd ) mutation carried by the CD1 strain was eliminated by out-breeding and the elimination of the rd mutation was confirmed by PCR as described before (21) . Breeding schemes were designed to cross the R172W transgene onto wild-type, rds þ/2 and rds 2/2 genetic backgrounds. Mice were screened for the presence of the rds mutation using PCR and Southern blot analysis, as previously described (25) . Animals used in this study were maintained on a 12 h light/ dark cycle (7 foot candles). All procedures were approved by the local Institutional Animal Care and Use Committees (IACUC) and adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Histology and electron microscopy
After sacrifice, the superior cornea was marked with a heated needle before enucleation and a slit was made at the limbus 
Immunofluorescence labeling
Eyes were prepared for immunofluorescence labeling as previously described (25) . Eye sections (6 mm thickness) were incubated overnight at 48C with primary antibodies. Anti-P/rds monoclonal antibody 3B6 (a generous gift from Dr Robert Molday, University of British Columbia, Canada) was used at a dilution ratio of 1: 5, whereas anti-human-blue opsin (a generous gift from Dr Jeremy Nathans, Johns Hopkins University, MD, USA) was used at a dilution ratio of 1 : 3000 (54). Sections were subsequently rinsed and incubated with biotinylated FITC secondary antibody (1 : 100 dilution) for 30 min at room temperature. Following secondary antibody incubation and rinses, slides were mounted, coverslipped, and then assessed either using a Zeiss Axioscope epifluorescence microscope (Carl Zeiss, Jena, Germany) or a Leica TCS Sp2 confocal microscope (Leica Microsystems, Wetzler, Germany).
Scotopic and photopic ERG
ERG testing was carried out as previously described (55, 56) . Briefly, overnight dark-adapted mice were anesthetized and their eyes were dilated using 1 -2 drops of 2.5% phenylephrine in each eye (Akorn, Inc., Decatur, IL, USA). Retinal electrophysiological function was evaluated using an LKC system (Gaithersburg, MD, USA) and potentials were recorded using a stainless steel wire contacting the corneal surface through a layer of 2.5% methylcellulose. Responses were differentially amplified (half bandpass, 1 -4000 Hz), averaged and stored using a Nicolet Compact 4 signal averaging system. For assessment of rod photoreceptor function (scotopic ERG), a strobe flash stimulus was presented to the darkadapted, dilated eyes in a Nicolet Ganzfeld (GS-2000) with a 137 cd (s/m 2 ) flash intensity. To evaluate cone photoreceptor function (photopic ERG), a strobe flash stimulus was presented to the light-adapted (5 min, 29.0285 cd/m 2 ) and dilated eyes in a Nicolet Ganzfeld (GS-2000) with a 77 cd (s/m 2 ) flash intensity.
Western blot and immunoprecipitation
Polyclonal antibodies against residues 331 -346 of the P/rds C-terminus (rds-CT Ab) and residues 336 -351 of the Rom-1 C-terminus (Rom-1-CT Ab) were used in western blot and immunoprecipitation analyses. Dissected retinas were homogenized on ice, solubilized for 1 h at 48C in solubilization buffer (50 mM Tris -HCl, pH 7.5, 100 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.05% SDS, 2.5% glycerol and 1.0 mM phenylmethylsulfonyl fluoride), and processed for western blot (30 mg protein) and immunoprecipitation (200 mg protein) analyses as previously described (38, 57) . As a control for binding specificity, assays were performed in the absence of any antibodies and also with an unrelated antibody against the a subunit of the cone CNG channel (CNG-3). The intensities of P/rds and Rom-1 bands were quantified relative to the wild-type band. For analysis of disulfide-linked dimers, gel electrophoresis under non-reducing conditions was conducted by omitting dithiothreitol (DTT) from the sample buffer.
Preparation of ROS extracts
Retinas from 6-to 12-week-old mice were dissected and immersed in homogenization buffer (buffer A, 20 ml/retina) containing 20 mM Tris -acetate, pH 7.2, 0.25 mM MgCl 2 , 8 mM taurine, 8 mM D-glucose, 20% (w/v) sucrose, Pefabloc-SC w protease inhibitor (0.4 mg/ml; Roche, Inc.), leupeptin (10 mg/ml/ml) and Pepstatin A (10 mg/ml) at 48C under normal room lighting. ROS were dislodged by vigorous vortexing (3 Â 30 s) and were collected as the supernatant fraction after centrifugation at 2500g for 1 min. The pellet was re-extracted with additional homogenization buffer (40 ml/ retina), and resultant supernatants were combined and centrifuged again at 2500g for 1 min. The final supernatant containing the crude ROS was snap-frozen on dry ice and stored at 2708C until use. ROS membranes were pelleted by centrifugation at 50 000g for 15 min at 48C in a Beckman TLA-55 rotor and the pellet was resuspended in phosphate-buffered saline (PBS), pH 7.5 (35 -75 ml/retina), and then solubilized by the addition of an equal volume of ice-cold detergent solution with gentle vortexing. Solubilization under reducing conditions utilized buffer R, containing 2Â PBS, 2% Triton X-100, 2 mM DTT, pH 7.5. Solubilization under non-reducing conditions utilized buffer N, containing 2Â PBS, 2% Triton X-100, 5 mM NEM, pH 7.5. After a 20 min incubation on ice, extracts were centrifuged at 90 000g for 30 min at 48C in a Beckman TLA-55 rotor to remove remaining particulates. Supernatants were kept on ice until use.
Velocity sedimentation analysis
Sucrose density gradient velocity sedimentation of Triton X-100 solubilized ROS, P/rds and Rom-1 detections and quantifications by image analysis of western blots were performed under reducing conditions essentially as described previously (42) . Analogous analyses under non-reducing conditions were performed by replacing the DTT in both extraction and gradient buffers with 10 mM NEM. Svedberg coefficients (S 20,w values) were calculated using the partial specific volume value (n ¼ 0.83 ml/g) determined previously for the P/rds -Rom-1 complex from bovine ROS preparations (40) and TLS-55 rotor dimensions described in the previous study (58) . In each fraction, the immunoreactivity of P/rds and Rom-1 was assessed by western blot analysis using rds-CT Ab and Rom-1 CT Ab, as previously described (42) .
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Limited tryptic digestion
Limited tryptic digestion experiments were performed as previously described (45, 46) . Mouse ROS membranes (30 mg protein) from wild-type and transgenic retinas were resuspended in protease inhibitor-free buffer A and incubated with trypsin-TPCK (Sigma-Aldrich, St Louis, MO, USA) at a ratio of 1: 5 of trypsin to ROS membrane proteins at 308C for various periods of time. The trypsin-treated samples were then solubilized with 2Â Laemmli sample buffer and resolved on 10% SDS gels, transferred onto PVDF membranes for immunoblot analysis using anti-P/rds antibody.
